Trophic, Tropic and Nerve Growth-promoting Activity of NGF
The term trophic is widely used to refer to a generalized, pro-survival action exerted on target cells by extracellular messengers of differing chemical nature such as vitamins, hormones or growth factors (GFs). Among these, neurotrophins (NTs) belong to a well-characterized family including nerve growth factor (NGF) -which was the first GF to be identified. 1, 2 Although the term trophic is widely used to indicate, as previously mentioned, a generalized 'nutritional' action mediated through several metabolic pathways, more detailed and in-depth experiments have indicated that this term is often too broad or ambiguous.
NGF, for instance, has been shown to exert not only its anti-apoptotic and nerve growth-promoting activity -which is the first property that led to its discovery -but it has also been subsequently identified and characterized for its more subtle, experimentally distinguishable tropic and pro-differentiative actions on its target neurons. NGF first came to light for its vigorous, extraordinary nerve growth-promoting activity on chick embryo sensory ganglia. Later, it was also reported that sympathetic ganglia degenerated and massively died when deprived of NGF with a novel and ingenious manipulation, defined as immunosympathectomy. [3] [4] [5] Thus, the nerve growth-promoting action found in sensory ganglia was extended in a significantly and pronounced 'trophic' vital effect, exerted in sympathetic neurons ( Figure 1) . Finally, such a dual cellular effect was confirmed by the discovery that NGF was endowed with the property of directing nerve fiber growth toward the cells that produce and release it, hence the definition of tropic effect. 6 Subsequent studies -performed on in vitro cultured sympathetic neurons -showed that these cells, when deprived of NGF, die due to the activation of programmed cell death. These findings provided a more specific definition of the broader term 'trophic'. 7 The aim of this short review is to argue the point that an even more specific and complete definition of the antiapoptotic action exerted by NGF -and most probably by other NTs -consists in keeping under control the amyloidogenic processing of amyloid precursor protein (APP), which has been hypothesized among the primary triggers in AD pathogenesis. [8] [9] [10] According to this view, the pro-survival, NGF-mediated activity on its target neurons seems to consist of an inhibitory effect on amyloid-b (Ab) peptide(s) overproduction. This appears to be sufficient in inducing several intracellular changes -involving NGF receptor itself and tau protein -that eventually lead to neuronal death.
Apoptosis and Amyloidogenic APP Metabolism in AD
AD is the most common age-related neurodegenerative disorder accompanied by progressive memory and cognitive deficits. It is characterized by massive neuronal cell and synapse loss in limbic brain areas -such as hippocampus and amygdala -and also in specific cortical and subcortical regions. 11 Neuropathological hallmarks are the extracellular insoluble senile plaques (SPs) -aggregated deposits of small Ab peptide(s), referred to as Ab1-40 or Ab1-42 -and the intracellular neurofibrillary tangles (NFTs) -composed of hyperphosphorylated and truncated forms of tau protein. [12] [13] [14] Extensive in vitro and in vivo genetic and biochemical studies have also unequivocally shown that AD is causally linked to an altered production of Ab, due to a b-and g-secretasemediated processing of APP or to its impaired clearance. 15 Furthermore, according to the 'amyloid cascade hypothesis', Ab peptides have a pivotal role by promoting or exacerbating tau pathology, but their neurotoxicity is also strictly dependent on this cytoskeleton-associated protein [16] [17] [18] [19] controlling microtubule assembly and stabilization. 20 A genetic component, such as mutations in several genes linked to AD familial forms (APP, presenilin-1, PS1, or presenilin-2, PS2, gene) known to alter Ab cellular processing or its properties, leading to an increase of the Ab 42/40 ratio or its propensity to aggregate, has been shown only for a small percentage (5-8%) of the entire population of affected patients. 21 A large part of AD forms are defined in being of a sporadic nature because no precise cause has been established. Moreover, the term 'sporadic' would suggest a limited incidence of AD dementia whereas, on the contrary, this disease afflicts a growing number of human beings and is prospected to grow with the progressive increase of the elderly population. For instance, in the United States the number of AD patients is of approximately 2.5 million and it has been anticipated that by the year 2050 it will double.
Several environmental risk factors have been hypothesized for the pathogenesis of idiopathic AD forms. Among these factors, excessive caloric intake, low scholarity, gender, apolipoprotein Ee4 variant, metal or pesticide exposure that could act during oxidative stress, mitochondrial damage, DNA damage/repair, altered Ca 2 þ homeostasis, trophic factors Figure 1 NGF biological assay based on its ability to induce the outgrowth of nerve fibers of isolated ganglia (from Montalcini and Calissano 88 ). (a and b) Micrographs show sensory ganglia dissected out of an 8-day-old embryo and cultured for 12 h either, in the absence (top) or the presence (bottom) of 10 -ng of pure NGF. After incubation the fibers were stained. (c) The two sets of ganglia shown were dissected from littermate 3-week-old mice. The control mouse (right) was injected daily with a saline solution, whereas the test mouse (left) received 10 mg/g of body weight of pure NGF. Chain ganglia showed a significant increase in volume deprivation and inflammatory microglial activation. 22 However, as AD is a multifactorial disorder, each of these possible age-related causes provides little possibility in developing clinical prevention and therapies. Therefore, it is likely that AD will be a growing social and economic problem in the next years worldwide.
Despite the genetic evidence in favor of the amyloid hypothesis, how self-association of a misfolded protein leads to the organ dysfunction and neurodegeneration characteristic of this disorder remains to be elucidated.
Alternatives to Amyloid Hypothesis
According to the amyloid hypothesis, the accumulation and deposition of fibrillar Ab is the primary trigger of neurodegeneration and cognitive decline leading to dementia. This hypothesis has been sustained by several studies, including data from genetic studies of AD. 21 All four of the established AD genes, the APP, the PS1, PS2 and APOE, display mutations that increase the relative rate of production of Ab42, the longer form of the peptide that is much more prone to oligomerization and fibrillation than Ab40. 21 The traditional amyloid hypothesis is however debatable, mainly because spatial and temporal patterns of SP consisting of fibrillar Ab do not correlate very well with the degree of dementia in AD. In contrast, cognitive decline shows a deep relationship with loss of synaptic contacts. 23, 24 Recent studies highlight the 'synaptic Ab hypothesis', which underlines the pathogenic role of early assembly intermediates (non-fibrillar Ab oligomers) at synapses. In this regard, reduction of synapses, due to oligomeric Ab, subsequent death of neurons with loss of connections and neurotransmitters cause personal devastation, memory loss and eventually dementia. 25 As far as the molecular mechanisms by which oligomer Ab promotes synaptotoxicity is concerned, it has been reported that Ab42 reduces, through mechanisms involving nicotine receptor and NMDA receptor, density of synapses leading to attenuated glutamatergic transmission and impaired synaptic plasticity. 26 Others have suggested that Ab may cause oxidative stress, which can detrimentally affect synaptic integrity. 27 Therefore, in AD, early memory loss could be caused by early oligomeric intermediates of Ab-derived diffusible ligand that first disrupt synaptic plasticity and subsequently cause neuronal death by mechanisms that require specific binding and signal transduction molecules. 28 
Amyloidogenesis and Apoptosis
The studies linking unphysiological apoptosis and amyloidogenesis in AD initiated a decade ago, when we hypothesized that an incorrect activation of apoptosis may be the triggering cause(s) of the intracellular cascade of events leading to selective neuronal death, 29 underlying such neurodegenerative disorder. To test this hypothesis, we performed preliminary experiments on primary cerebellar granule neurons (CGNs) partially deprived (5.0 mM) of high depolarizing concentrations (25 mM) of extracellular KCl, a culture condition required for their in vitro survival. 29 We found that apoptotic death occurred after K þ starvation -possibly because it mimics the in vivo mossy fibers deafferentation induced by axotomy 30 -and that this was reversible up to 4-8 h after treatment with high concentration of KCl, forskolin and IGF-1. 29 Neuronal loss was characterized by de novo RNA/protein synthesis and coordinated gene expression, 31 nuclear condensation and fragmentation, decrease of intracellular free calcium levels 32 and by an imbalance of the physiological APP metabolism toward the amyloidogenic noxious counterpart. The amount of aAPPs (the 'good' form of APP generated by a-secretase-mediated pathway) released in conditioned apoptotic medium was significantly decreased, whereas bAPPs (the 'bad' form of APP produced by b-g-secretase-mediated cleavage) inversely increased, in the absence of any significant change of intracellular level of full-length APP. 33 The overproduced extracellular 4 kDa Ab peptides (Ab1-40; Ab1-42) aggregated into oligomeric and high-molecular-weight species of different size and morphology.
Contextually, tau protein post-translational modificationssuch as site-specific change of its phosphorylation state and caspase(s) and calpain-I-mediated cleavage -occurred with a consequent microtubule disassembly in dying neurons. 34 Furthermore, if one of such truncated tau forms was introduced into the same healthy neurons by adenovirusmediated transduction, it evoked a massive and rapid cell death 35 involving extrasynaptic NR2B-subunit-containing NMDARs, dephosphorylation of cAMP-response-elementbinding protein, sustained and delayed activation of extracellular-regulated kinases 1/2 and calpain-I. 36 In addition, the pro-apoptotic shifting to a low potassium medium induced a marked failure of mitochondrial oxidative phosphorylation, accompanied by a dramatic intracellular ATP drop and by an increased production of reactive oxidative species. [37] [38] [39] A functional impairment of proteasomes, causing a progressive accumulation of ubiquitinated-unfolded proteins in the cytoplasm, 40 and an early perturbation of autophagiclysosomal structures were also revealed in apoptotic neurons. 41 Interestingly, co-culture experiments showed that an Ab antibody partially inhibited the 'transfer' of apoptotic process to healthy, but separated neighboring neurons. This finding suggested that the Ab pool released by apoptotic neurons diffused to the healthy cells, creating an autocrine toxic loop (Figure 2 ). 42 NGF as an Anti-amyloidogenic factor: the NGF-PC12 system NGF-differentiated rat PC12 cells represent an excellent experimental cellular model to investigate the NGF biological properties and its mechanism of action. 43 This clonal cell line undergoes a progressive mitotic arrest and neuronal differentiation when incubated with NGF and dies when this NT is withdrawn from the culture medium. 43 As it was interesting to assess whether such apoptotic events would be followed by, or be due to, excessive Ab production, as previously reported in CGNs, we carried out similar set of experiments in this in vitro apoptotic paradigm. We found that a parallel release and accumulation of secreted Ab peptide(s) -with prevalence of Ab1-42 over Ab1-40 peptides -occurred during the progressive death of NGF-deprived differentiated PC12 cells. The released pool of Ab, isolated on ultracentrifugation, was also found to form aggregates of different molecular size that were partially SDSresistant and moderately soluble in formic acid (70%), a condition generally used to dissolve Ab-positive aggregates extracted in vivo from human SP of AD subjects. 44 The secreted Ab seemed also to affect healthy neurons, in a similar manner to that previously found in CGC, prompting the setup of experimental conditions to answer the following question: if Ab is the upstream trigger -a molecular 'killer' of healthy neurons -could its inhibition reduce or block the timing/extent of cell death occurring after NGF deprivation? We found that the downregulation of amyloidogenic APP processing with selective b-and g-secretase(s) inhibitors or 4G8 antibody (Ab residues 17-24) significantly reduced the apoptotic death of NGF-deprived PC12 neurons. 45 In our opinion, these results not only provide the first clear evidence linking apoptosis and amyloidogenic APP metabolism, but also gives new insights into the causal and temporal sequence of events occurring during neuronal death induced by the lack of trophic supply.
Having established the 'active' role of Ab peptide in neuronal death, a still unresolved problem was: do caspase(s) work upstream, the amyloidogenic APP derouting evoked by NGF deprivation or do they become part of the scenario only at a later stage, when Ab has already -so to speak -prepared the action field for their subsequent effects? Previous studies have shown that caspase 3-mediated APP cleavage at APP720 46 directly elevated Ab production in serum-deprived human neuronal NT2 cells. Intracellular post-translational depletion of GGA3 -an adaptor protein that is required for BACE (namely b-secretase) lysosomal degradation -after caspase 3-dependent truncation, prolonged the half-life of such enzyme and indirectly enhanced Ab generation in staurosporine-treated H4-APP751 cell line. 47 Conversely, among all cell-permeable and selective caspase(s) inhibitors tested in NGF-deprived PC12, only blockage of executor caspases 2, 12, 6 and 8 partially reduced death and Ab production, whereas pharmacological inhibition of effector caspase 3 did not exert a similar action. 45 Apoptosis induced by serum deprivation or by oxygen peroxide treatment under mild exposure conditions, at variance with NGF, evoked an apoptotic neuronal death that was not inhibited by b-and g-secretase inhibitors or by 4G8 antibody. Finally, the finding that the general caspase(s) inhibitor z-VAD did not significantly affect the production of Ab structure and cell death in NGF-deprived PC12, whereas it partially blocked caspase(s)-mediated tau truncation 48 and rescued neurons from apoptotic death 45 suggests a complex causal and temporal relationship between caspase(s), APP amyloidogenic processing and tau metabolism in NGF-deprived cell death. Therefore, whether caspase(s) activation is a terminal process associated with neuronal death, or a more proximal event that promotes the AD-like pathology in these cells, remains to be still proven.
NGF-deprived Hippocampal Neurons: the Amyloid Cascade and tau Involvement
The actual link between apoptosis and amyloidogenesis is further corroborated in NGF-deprived primary hippocampal cultures, a neuronal population directly affected in human AD patients, which underlies the anatomopathological and clinical signs of such neurodegenerative dementia. [49] [50] [51] [52] In a preliminary set of in vitro experiments, we attempted to confirm data previously obtained in NGF-differentiated PC12 cells. Thus, even in NGF-deprived hippocampal neurons, we observed that (1) the released Ab extracellular peptides created a neurotoxic loop, because the extent of ensuing cell death was much greater than that expected on the potential number of NGF-responsive target neurons previously found; (2) b-or g-secretase inhibitors -or mixture of both -and Ab antibody, 4G8, largely prevented not only the Ab intra-and extra-production but also neuronal death. 53 The temporal interplay between Ab overproduction and tau protein post-translational modifications was also established from the observation that two specific amino-acidic sites 42 ). (a) CGNs at 6 DIV (upper wells) were transferred in sister cultures kept in S-K25 whereas the correspondent co-cultured neurons (bottom wells) were switched to apoptotic S-K5 medium. After 24 h incubation, conditioned medium of bottom wells was supplemented with KCl to a final concentration of 25 mM in the presence or absence of specific Ab polyclonal antibody or pre-immune rabbit antiserum, respectively, and the upper sister compartments were then transferred back and co-incubated for a further 24 h. Neuronal viability was measured by MTT assay and intact count nuclei. (b) CGNs at 6 DIV were shifted either to S-K25 (control cultures), or to S-K5 (apoptotic cultures) for 24 h. External compartment conditioned medium was reported to S-K25 and the volume was increased until the two chambers were in communication with each other. After 24 h, neuronal viability was assayed as described previously (Ser 262 and Thr 231) -pathognomonic of abnormal AD-like tau protein detected in aggregated insoluble intracellular NFTs -were rapidly (3-6 h) and transiently (o12 h) hyperphosphorylated in hippocampal neurons on NGF withdrawal. The early, specific and temporally restricted phosphorylation state changes of tau were (1) temporally related to a decrease of the ratio of secreted aAPPs/bAPPs; (2) caused by a deregulation of Akt-GSK3b signaling, known to be in vivo correlated with the onset of AD pathology; (3) mimicked by externally added synthetic Ab1-42 peptide, but not by reversesequence peptide Ab 42-1; (4) sensitive to LiCl treatment and, more importantly, (5) significantly reduced on treatment with Ab antibodies or with b-and g-secretase(s) inhibitors. 54 The increased pool of hyperphosphorylated tau, which is unable to bind microtubules, subsequently detached from them, as shown by the reduction in the intracellular level of acetyl (stable)-tubulin and by a concomitant increase of its a-tyrosinylated (instable) form. Contextually, a progressive disassembly of the cytoskeleton network occurred and the microtubule tracks-based axonal transport was acutely impaired, as shown from observing that mitochondria accumulated in the perykaryon and were no longer transported along axonal processes. 54 The tau-dependent loss of microtubule integrity and axonal neuritic beading associated with jamming of mitochondria were also partially rescued by the treatment with Ab-antibody and GSK3b inhibitors. In addition, calpain-I and caspase 3 protease(s) were only late upregulated and pharmacological inhibition of such apoptotic proteases not only partially protected hippocampal neurons from death after the NGF removal, but also did not significantly interfere with GSK3b-mediated site-specific tau hyperphosphorylation. This suggests that the delayed caspase 3/calpain-I pathway does not regulate GSK3b-dependent changes of tau phosphorylation state, 54 in agreement with previous studies reporting that, in differentiated PC12 induced to cell death by NGF deprivation, the GSK3b kinase inhibition only exerted a small effect on the caspase(s) pathway. 55 An early tau hyperphosphorylation, with a reduction of its microtubule binding affinity has been found in NGF-deprived differentiated PC12 cells. 56 In addition, although other research groups have reported that Ab antibodies can reduce tau hyperphosphorylation in vitro and in vivo, 57,58 the functional relationship between endogenous overproduced Ab, tau hyperphosphorylation/cleavage and apoptotic signaling in the same neuronal model has not been investigated before. Similar NGF-dependent modifications of site-specific tau phosphorylation have been found in the AD11 animal model, 54 in correlation with the temporal appearance of Ab peptide species. 59 Interestingly, these anti-NGF transgenic AD11 mice, in which the in vivo phenotypic knockout of mature NGF is achieved by the expression of recombinant neutralizing antibodies, resemble an AD-like neurodegeneration. 60, 61 Furthermore, a caspase(s)-mediated truncation of N-terminal tau domain, which possibly interacts with dynactin/dynein motor complex, 62 also occurs in vitro and in vivo on NGF signaling interruption. 48 GSK3b-mediated tau phosphorylation is associated with a proper anterograde organelle transport 63 in NGF-dependent differentiated PC12, and synthetic Ab peptides cause a GSK3b-mediated impairment of mitochondrial transport in hippocampal cultured neurons. 64 Finally, a mislocalization of pThr 231-tau protein and GSK3b in basal forebrain cholinergic neurons of aged rats is causally linked to an in vivo defective retrograde axonal transport. 64, 65 Paradoxical, unexpected Functional Switch of the TrkA Receptor TrkA belongs to the large family of tyrosine kinases transmembrane receptors sharing, as a common denominator, the property of trans-autophosphorylating on binding to their cognate ligand. Receptor engagement with its specific NT changes the inactive conformation into an active state, which triggers and activates the appropriate signal transduction pathway(s) by recruiting intracellular adaptor proteins, effectors or both. The active conformation regains its inactive, dephosphorylated state within minutes after the extracellular concentration of ligand decreases to a value favoring the free unbound state. 66, 67 It was therefore an unexpected finding that, 24 h after NGF withdrawal, TrkA regained its phosphorylated state (pY490) in the apoptotic hippocampal primary neurons contextually to (1) an Akt dephosphorylation, (2) an upregulation of phospholipase-C g (PLCg) pathway and (3) the progression of neuronal death. 68 This paradoxical, NGF-independent delayed TrkA phosphorylation could be assumed either as a side effect of death-inducing changes evoked by NGF withdrawal, or as an intracellular signaling linked to Ab increase. In subsequent experiments we confirmed this latter hypothesis. Incubation of NGF-deprived neurons with two different TrkA antagonists, namely K252 and CEP-2563, generally used to inhibit TrkA autophosphorylation, largely protected hippocampal cultures from apoptotic death. Furthermore, an identical anomalous TrkA posttranslational modification was evoked in neurons by exogenously added synthetic Ab peptide, suggesting a causal relationship between NGF withdrawal, amyloidogenic APP metabolism and NGF-independent TrkA phosphorylation. Similarly, partial TrkA mRNA silencing paradoxically favored neuronal survival, suggesting that the NGF receptor may switch from pro-survival to pro-apoptotic action in the absence of its specific ligand. In addition, pharmacological inhibition of Cdk and Src kinases, known to trigger amyloidogenesis by affecting APP phosphorylation and processing, [69] [70] [71] [72] reduced the TrkA and PLCg phosphorylation levels and rescued neuronal cultures from death. Relevantly, in p75-silenced neurons, TrkA did not appear phosphorylated after NGF removal and the interruption of the amyloidogenic pathway was prevented. 68 Furthermore, in early periods after NGF removal, p75 and particularly CTF -its C-terminal fragment produced by a-secretase cleavage 73 -bound Ab peptides and 28 kDa PS1 fragment (one of the components of g-secretase complex 74 ) and led to apoptotic death. 68 These findings further support data previously reported about a p75 role as an early mediator of the toxic Ab 75 effect and support the working hypothesis of a possible imbalance in secretase(s) activity as a possible cause triggering the amyloidogenic pathway activation. 76 Together, these results also seem to open a new paradigm in the field of NGF intracellular signal transduction, because the same TrkA transmembrane receptor may switch from pro-survival to pro-apoptotic action, in the presence or absence of its physiological cognate ligand. In addition, the evidence that NGF receptors, directly or indirectly, interact with Ab peptide(s) and PS1 in apoptotic neurons and that analogous effects are induced by synthetic Ab exogenously added peptide 53, 68 corroborates the ongoing hypothesis of a cellular interplay between the NGF receptors (TrkA and p75) and the amyloidogenic APP processing machinery (Figure 3) . 77 
NGF as a Potential Therapeutic Agent for AD: in vivo Validation
A deficit in NT is largely related to AD. 22 NTs, such as NGF and BDNF, are acquiring a strong relevance due their crucial role in cortical and hippocampal plasticity and, ultimately, on behavior. Indeed, it has been reported that they exert neurotrophic actions on the cholinergic neurons of the basal forebrain, protecting them also against axotomy-induced neurodegeneration and age-related atrophy. 78, 79 Moreover, NGF as well as BDNF has been reported to increase hippocampal neurogenesis, in adult and aged male rat. 52, 80 Altogether, these findings are recently prospecting a new approach to prevent neuroplasticty impairment and cell death in AD. 22 In vivo studies indicate NGF as therapeutic tool for targeting AD pathology. The intranasal administration of NGF and oral administration of two AchE inhibitors -ganstigmine and donepezil -improve the performance of two tests related to hippocampal function (for place and context for object recognition and memory) in AD11 mouse. 81 Relevantly, the drug is in phase IIa studies in the United States for senile dementia associated with Alzheimer's disease (AD). 82 One of the main problem related to NGF administration in vivo is the large dimension of this molecule that does not easily cross the blood-brain barrier, and on the short half-life. Therefore, delivery of neurotrophic factors to the brain remains a major challenge. For this reason, to facilitate the supply of NGF to the brain, many new protein delivery technologies have been developed. Among them, encouraging prospective derives from implantation, into the forebrain of patients with mild AD, of autologous fibroblasts genetically modified to express human NGF. 83 Indeed, treated AD cases manifested an improvement of cognitive deficit, in absence of any long-term adverse effects. Moreover, new small molecules have been recently identified to modulate NGF receptor signaling in AD. 84 Particularly, a non-peptidyl mimetic of the NT loop 1 domain (LM11A-24) promotes p75 NTR -mediated survival in hippocampal neuron and interferes with p75 NTR -mediated apoptosis induced by proNGF in oligodendrocytes. 85 In addition, neurotrophic factor-loaded microspheres have been used for the experimental treatment of some neurological disorders. 86 Recombinant human NGF-loaded microspheres, implanted into the basal forebrain of the rats with fimbria-fornix lesion, induced a significant increase on the survival of axotomized cholinergic neurons in the medial septum and vertical diagonal branch. 87 All together, these in vivo data strongly support and encourage the therapeutic use of NGF for the AD prevention and cure. Figure 3 Schematic drawing of a hypothesized temporal cascade of molecular and biochemical events occurring in NGF-deprived hippocampal neurons. After NGF withdrawal, amyloidogenic APP processing with Ab production early occurred in cultured hippocampal neurons. An intracellular p75 processing, that leads to C-terminal (CTF) and intracellular domain (ICD) fragments, also was detected. CTF p75 fragment bounded with the Ab peptides, whereas ICD p75 fragment co-localized with PSEN1 active forms into the nucleus. An NGF-independent/Abmediated TrkA receptor hyperphosphorylation correlated with Cdk and Src activation, concomitantly with AKT dephosphorylation and related PLCg phosphorylation. Neurotrophin removal also induced AKT-mediated GSK3b activation, which -in turn -caused the site-specific tau protein phosphorylation at Ser 262 and Thr 231 epitopes. The reduced microtubule-binding affinity of hyperphosphorylated tau evoked the cytoskeleton collapse and the axonal transport impairment. Morphological and biochemical signs of classical apoptotic -namely caspase(s)-calpain I protease(s) activation and nuclear condensation -were only later detectable
